Nonembryonic stem cell populations have now been identified in most fetal and adult tissues. Not only can they act as a reservoir of pluripotent cells for repair or regeneration of the tissue where they reside, but they may also have wider potential. In the bone marrow, two stem cell populations (haematopoietic and mesenchymal) have been identified. Mesenchymal stem cells (MSC) are highly proliferative cells that can be maintained in culture and readily differentiated in vitro into mesodermal cell types (fat, bone, cartilage and muscle). 1 While it has been shown that MSC can participate in the repair of mesodermal tissues, such as bone in osteogenesis imperfecta 2 and heart muscle in cardiac ischaemia, 3, 4 this effect is limited as very few donor cells survive beyond a week. 3 The transgenic expression of antiapoptotic AKT in MSC used to repair a model of cardiac ischaemia resulted in a considerable improvement in myocardial volume, 5 suggesting that a major obstacle to successful tissue repair is poor survival of stem cell grafts.
Recently, we have isolated a population of human MSC from first trimester fetal blood that are phenotypically similar to adult-derived bone marrow stromal cells and can be readily differentiated into fat, bone and cartilage. 6 Preliminary data also suggest that fetal MSC can be differentiated along myogenic and neural lineages, and so represent a ready source of human multipotent cells. Although it might be expected that highly proliferative stem cells would be equipped with efficient death machinery, there is little published work on apoptotic signalling pathways in MSC or bone marrow-derived stromal cells, [7] [8] [9] and even fewer studies of apoptosis in other stem cells. 10 Since apoptosis is a major cause of graft failure, we hypothesised that there would be robust and functional intrinsic and extrinsic apoptotic signalling pathways in naïve human MSC. Undifferentiated fetal MSC were exposed to two apoptotic stimuli, staurosporine (SSP) or CD95/Fas, and the activation of the intrinsic (mitochondrial) and extrinsic (death receptor) pathways was then investigated. We report the presence and activity of both death pathways and demonstrate the sensitivity of MSC to these two apoptotic stimuli.
We first assessed MSC viability following a 24 h exposure to SSP and found that cell death was triggered in a dosedependent manner with maximum toxicity observed at approximately 200 nM SSP (Figure 1a) . Dead cells displayed a typical apoptotic morphology ( Figure 1b ) and apoptosis was confirmed by TUNEL (Figure 1c, inset) . In time-course experiments, MTT metabolism declined within 1 h of SSP addition and by 3.5 h had fallen by 40% compared to healthy controls ( Figure 1c ). The appearance of morphological changes consistent with apoptosis within minutes of exposure to SSP suggested an early commitment to apoptotic death in MSC. In order to examine this in more detail, fetal MSC were exposed transiently to SSP for defined times, washed thoroughly and then returned to complete medium for 24 h to allow surviving cells to recover. With only a 15 min exposure to SSP, 85% of fetal MSC were committed to apoptotic cell death (not shown).
To further study the mechanism of SSP-induced apoptosis, cytochrome c localisation was determined in cells exposed to SSP. In contrast to punctate, mitochondrial staining of cytochrome c in healthy cells, within 2 h of SSP treatment, diffuse cytoplasmic staining was apparent, indicating release of cytochrome c into the cytosol (Figure 1d ). At early time points, cytochrome c release could be dissociated from subsequent nuclear pyknosis and fragmentation, although by 8 h 60% of cells were positive for cytosolic cytochrome c (Figure 1d , graph) and many of these also contained pyknotic nuclei.
In time-course experiments, SSP-dependent processing of caspases 9 and 3 was confirmed by immunocytochemistry and Western blotting using primary antibodies specific for the cleaved fragments; significantly, caspase-9 cleavage began before caspase 3 ( Figure 1e ) and preceded nuclear pyknosis and DNA fragmentation. Consistent with the absence of caspase-8 cleavage following exposure to SSP (data not shown), SSP-induced cell death could be attenuated by incubation with both caspase-9 and pancaspase inhibitors in a dose-dependent manner (Figure 1f ) while a selective caspase-8 inhibitor (IETD-fmk) had no protective effect (not shown). These results show that fetal MSC are very sensitive to apoptotic cell death via the mitochondrial pathway and confirm the importance of mitochondria in stem cell apoptosis, 11 also demonstrated following leptin treatment of adult bone marrow stromal cells 9 and the exposure of neural stem cells to oxidative stress. 10, 12 Having established that the intrinsic (mitochondrial) pathway for apoptotic death was functional in fetal MSC, we extended the study to explore the role of the extrinsic (death receptor) pathway. CD95/Fas ligation was chosen as a stimulus as this receptor has been detected on murine bone marrow stromal cells. 8 The expression of CD95/Fas on human MSC was confirmed by Western blot analysis (not shown) and its surface expression was demonstrated to be highly polarised using immunocytochemistry (Figure 2a) . We www.nature.com/cdd found that the adaptor molecule, FADD, was also present in fetal MSC, and that its expression was both cytosolic and nuclear ( Figure 2b ). The nuclear localisation of FADD is consistent with a recent report 13 and might explain the interaction of FADD with several nuclear proteins involved in apoptosis, including methyl-Cpg binding protein-4.
14 Caspase 8 was also found to be expressed in human fetal MSC (not shown). However, the mere presence of these CD95/Fas signalling components does not prove the existence of an active extrinsic death pathway. Moreover, many Fas-expressing cells do not undergo death when Fas receptor is bound by its ligand, 15 and alternative biological processes such as proliferation in T cells 16 and fibroblasts, 17 activation of NFkB 18 and neurite formation in primary sensory neurones 19 have been attributed to Fas ligation. In the present study, the addition of Fas ligand (FasL) to healthy fetal MSC did induce cell death by apoptosis, defined by cell morphology and TUNEL (not shown). In time-course experiments, an exposure time of 72 h was sufficient to kill more than half the MSC population. Moreover, there was a dose-dependent increase in apoptosis following exposure to FasL (Figure 2c ) and these results were confirmed in viable cell counting experiments. FasL-induced death could be inhibited by the pancaspase inhibitor ZVAD.fmk and by the selective caspase-8 inhibitor IETD.fmk. Preincubation with either inhibitor afforded protection against FasL-induced apoptosis (Figure 2c ). In contrast, caspase-9 inhibition with Z-LEHD.fmk at an effective dose (defined as 20-80 mM by the SSP experiments) was not protective against FasL-induced death (data not shown). These findings indicate that extrinsic death receptor signalling is intact in human fetal MSC. These data contrast the observations in neural stem cells, where CD95/Fas is expressed although agonistic Fas antibody failed to induce apoptosis; the authors speculate that the extrinsic apoptosis pathway might be developmentally regulated. 12 Understanding the mechanisms by which MSC undergo cell death may help in developing strategies to promote graft survival in stem cell therapy. In the present study, we have shown that primary human fetal MSC can undergo cell death by apoptosis triggered by two different stimuli -exposure to SSP or CD95/Fas ligation. The choice of these stimuli was deliberate: SSP was used as a stress stimulus known to activate the mitochondrial pathway in many other cell types and Fas ligation was used to test death receptor signalling (and may partly model immune-mediated cell death). This is the first study demonstrating functional mitochondrial and death receptor apoptosis pathways in primary naïve human fetal MSC. A detailed understanding of apoptotic signalling in these cells will be helpful in designing strategies for increasing the survival of stem cell grafts. 
